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Abstract
Weatheris oneof themajor causesof general aviationaccidents.Researchers are addressingthis problemfrom
variousperspectivesincluding improving meteorological forecastingtechniques,collectingadditional weather
dataautomaticallyvia on-board sensorsand"flight" modems,andimprovingweatherdatadisseminationandpre-
sentation.Weapproach theproblemfromtheimprovedpresentationperspectiveandproposeweathervisualization
andinteractionmethodstailoredfor general aviationpilots.Our system,AviationWeatherDataVisualizationEn-
vironment(AWE),utilizesinformationvisualizationtechniques,a directmanipulationgraphical interface, anda
speech-basedinterfaceto improvea pilot’s situationalawarenessof relevantweatherdata.Thesystemdesignis
basedon a userstudyandfeedback frompilots.

1. Introduction

Generalaviation (GA) flight safetyrestson four pillars of
situationalawareness:position,terrain,traffic, andweather.
Lossof weathersituationalawarenessis amaincauseof GA
accidentsand hasbeenattributed as a factor in over 30%
of accidentsand over 15% of fatal accidents2. One pos-
sible causeis that the pilot may not absorband retain all
theweatherinformationhe/sheis requiredto review prior to
flight. Becausemoredatais providedthanis applicableto a
givenflight andthedatais presentedpoorly, it requiresmuch
time andcognitive effort to developa "big picture"view of
the weather, especiallyin an unfamiliar area.In this work,
wefocusonproviding weathersituationalawarenessto gen-
eralaviationpilots.

Thereareseveralcomponentsof weatherthatapilot needs
to be aware of in order to maintainweather-relatedsitua-
tional awareness.Thesecomponentsincludesurfacewinds
andwindsaloft, cloudconditions,andvisibility conditions.
Importantclassificationsof weatherrelateddataandinfor-
mation on weathertrendsto alert the pilot for impending
dangeror assisthim in pathplanningor replanningis im-

portant.Communicationof all this informationeffectively
sothatthepilot canassimilateandacton theinformationis
of theutmostimportance.

A numberof researchershave addressedthe poor pre-
sentationproblemby developinggraphicaldisplaysof avi-
ationweatherfor useprior to flight. However, mostof these
systemsaretailoredfor useby commercialairline pilots 6.
Theconcernsof commercialairline pilots aredifferentand
havebeendiscussedby usin our earlierwork 9. Oursystem
AWE (Aviation WeatherData VisualizationEnvironment)
focuseson providing weatherdatatailoredto the needsof
generalaviation pilots using visual displays9. In particu-
lar, AWE focusesongraphicaldisplaysof threeweatherele-
ments,namely, meteorologicalobservations(METARs),ter-
minal areaforecasts(TAFs), andwinds aloft forecastsand
mapsthem onto a cartographicgrid specificto the pilot’s
areaof interest9.

AWE wasevaluatedby pilots at NASA AmesResearch
Center, California,and found to be useful 9. However, the
pilots alsogave a numberof suggestionsfor improving the
system.In this work, we describea few importantimprove-
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mentsover our previous work. First, we describethe en-
hancementsin informationdisplaysthat provide muchim-
proved situationalawareness.Second,we presenta com-
pletelynew speechprocessingfunctionalitythatwill reduce
head-down timefor thepilotssignificantly.

Section2 presentsa brief backgroundfollowed by our
previous work on AWE in Section3. Section4 describes
the new informationdisplaysthat incorporatepilots’ feed-
backon includingweathertrendinformation,anddisplayof
multiple forecastelementsor multiple winds aloft. Section
5 presentsspeech-basedinteractionswithin AWE. We con-
cludewith our futureplans.

2. Background

Significantadvanceshave beenmadein the last decadein
bothweatherforecastingandweathervisualizationfor ava-
riety of audiencesincluding scientists,forecastersand the
generalpublic 3. ProfessionalTV productionsystemssuch
astheTriVis system8, interactive 3D weathervisualization
systemssuchasVISUAL operatingin theGermanMeteoro-
logicalOffice(DWD) in collaborationwith FraunhoferIGD,
andpersonalizedWeather-on-Demandproductsthroughthe
internet are available. Augmentedreality weathervisual-
ization systemsare alsobeing developed.Numerousavia-
tion weathervisualizationefforts are underway including
thoseat theFederalAviationAdministration(FAA), theNa-
tional Oceanicand AtmosphericAdministration(NOAA),
theNaval ResearchLab, RockwellScienceCenter, Honey-
well International,WSICorporation,BFGoodrich,MIT Lin-
colnLab,EchoFlight, andJeppesenInc.

In spiteof all thisprogress,however, likeotheraudiences,
pilotsarerequestingtailoredvisualizationtoolsfor theirspe-
cific needs.In particular, existing and developing weather
forecastingand visualizationtechnologyneedsto be har-
nessedappropriatelyfor the benefitof pilots. The goal, as
outlinedbyStough,themanagerof NASA’saviationweather
informationsystem(AWIN) project,is to provide "weather
informationrelativeto thepilot’sflight path,presentit to the
pilot in thecockpit in aneasy-to-interpretgraphicalformat,
andgive him decision-makingaidsto helphim usethat in-
formation..." 4.

The Aviation Digital DataService(ADDS) system13, a
joint effort of NOAA, theNationalCenterfor Atmospheric
Research(NCAR), and the Aviation WeatherCenter, per-
hapscomesclosestto fulfilling theAWIN goal.Initially re-
leasedin 1997, it providesunofficial graphicaldisplaysof
a variety of aviation weatherbriefing report elementsand
allows pilots to zoom in to get more specific information
aboutan areaof interest.Although it presentsa greatvari-
etyof weathergraphics,so-calledterminalareaforecasts(to
bedescribedlater in Section3) aredisplayedonly textually
without any filtering. It alsodoesnot relatethe datato the
pilot’s plannedpathor schedule.

Themostimportantofficial sourceof aviationweatherre-
portsfor generalaviationpilotsin theUnitedStatesis Direct
UserAccessTerminals(DUATs) 12. However, mostof these
briefingsaretextualor verbal.In particular, DUATsdoesnot
providevisualizationof threeof themostimportantelements
of aweatherbriefing:airport-specificcurrentweatherobser-
vations(meteorologicalobservations,or METARs), termi-
nalareaforecasts(TAFs),andwindsaloft forecasts.A more
thoroughdescriptionof relatedsystemsincludingdetailson
theDUATs systemandthedatait providescanbefound in
ourpreviouswork 9.

3. AWE: Aviation Weather Data Visualization
Environment

Wenow presentanoverview of our previouswork on AWE
(Aviation WeatherData VisualizationEnvironment)9. We
alsoprovidedetailsonsomespecificdisplaysin orderto ex-
plainseveralimprovementswehaveincorporatedin AWE to
increasethesituationalawarenessof pilots.

In AWE, we have designedand testedthreevisual dis-
playsfor communicatingcurrentandforecastconditionsat
airportsincludingclouds,visibility, andsurfacewinds,and
onedisplayfor communicatingwindsaloft forecasts.A pilot
canuseagraphicaluserinterfaceto interactwith theweather
dataandplanhisflightsquickly andeasily.

VFR charts as Display Background: Theweatherdata
is overlayedon a VFR (VisualFlight Rules)sectionalaero-
nauticalchart,asshown in Figure1. Thechartshows thelo-
cationof airports(magentaor bluecirclesor shortlinesthat
mimic the runway layout), airways("highways" in the sky
shown aslight blue straightlines),navigation aids(mostly
depictedby a compassrose), controlled and specialuse
airspace,obstructions,naturalterrainfeatures(suchaswater
andhills, depictedusingcolorcodedaltitudes),demographic
features(suchascities,depictedin yellow), andmaximum
elevation in eacharea(depictedwith numberswith super-
scripts).Although the backgroundmay look clutteredand
complex, thechartbackgroundtexturegivespilotsafamiliar
environmentwith which to interactandprovidesthemwith
additionalinformationfor makingtheir"go/no-go"decision.
For example,windsaloft speedsof 40 knotsaremuchmore
problematicif youwill beflying 2000feetabovemountains
thanif you’ll beflying 2000feetover flat terrain.Overlay-
ing theweatheronthechartconsolidatesweatherandterrain
situationalawareness,allowing thepilot to make a decision
by lookingonly at onesource.Displayingweatherinforma-
tion next to the airport it appliesto improvesa pilot’s abil-
ity to perceive the big picture,especiallyin an unfamiliar
areawherehe otherwiseneedsto look at a chart to deter-
minewhereeachairport is locatedandhow it relatesto his
flight path.Displayingsurfacewind informationneartheair-
port alsoimprovesthepilot’s ability to visually determinea
landingrunway anddeterminethe amountof crosswindto
expect. It provides information,while still away from the
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airport, that is commensuratewith the information he re-
ceives from the airport wind sock.We decidedon usinga
VFR Sectionalchart as the backgroundafter considering
severalalternativesasdescribedin ourpreviouswork 9. The
useof VFR aeronauticalchartdrew unanimousenthusiastic
responsefrom thepilots.

Input: AWE beginswith anofficial briefingdownloaded
from DUATs andextractscurrentairportconditionreports,
airport forecastreports,andwinds aloft forecastreports.A
DUATscurrentairportconditionsreport,shown in Figure2,
provides data about surface wind velocity, cloud altitude
andcoverageamount,visibility andobstructionsto visibil-
ity, temperature,dew point,andbarometricpressuresetting.
A DUATs airport forecastreport (terminal areaforecast),
shown in Figure3, providespredictionsaboutsurfacewind
velocity, cloudaltitudeandcoverageamount,andvisibility
andobstructionsto visibility.

Figure 2: Samplecurrent airport conditionsfile. Each line
representsa report for a specificairport, specifiedby the
airport identifier (first element).It alsospecifiesthetimeof
observation,wind directionandwind speed,visibility, visi-
bility restrictions,cloud layers (with coverage amountand
altitude),temperature, dew point,andbarometricpressure.

Visual Displays: Wenow describethethreevisualization
formatsusedin AWE. All threedisplaysusethe common
fields listed in the previous paragraph;the textual format
addsa few additional,uniquefields. For easeof interpre-
tation,wechoseto usesimilardisplaymethodsfor bothcur-
rentandforecastconditions.

SymbolicVisual Display: The symbolicformat is shown
in Figure1.Thetoprectangleof thesymboldepictswind ve-
locity. Wind directionis shown by thedirectionof thearrow,
while wind speedis shown by the thicknessof the arrow.
This methodallows a pilot to quickly glanceat thedisplay
andvisually detectstrongwinds.The borderof the rectan-
gle is alsocolor-coded(redfor verystrongwinds,yellow for
somewhatstrongwinds,andblackfor reasonablewinds) to
furtherenhancethepilot’sability to quickly determinewind
conditions.

Themiddlerectangledepictscloudinformation.Therect-
angle representsaltitudesfrom 0 feet (at the bottom) to

Figure 3: Sampleairport forecastfile. A forecastfor anair-
port extendsfromtheairport identifierto thedot ("."). Each
forecastprovidesthetimetheforecastwascreatedfollowed
bytheeffectivetimesof each forecastelement.Each element
specifiesthewinddirectionandspeed,visibility andrestric-
tions to visibility, and cloud layers (with coverage amount
andaltitude).

Figure 4: Samplewindsaloft file. Theairport identifier is
followedby groupsof threeelements:wind direction,wind
speed,andtemperature. Thesegroupsof threeare available
for prespecifiedaltitudesfrom3000feetto 39000at various
increments.

12,000feet(at thetop,below thewind rectangle).This rect-
angleis then filled with sub-rectanglesto representcloud
altitude and coverageamount.The FAA has definedfive
rangesfor cloud coverage:the sky can be reportedto be
clear, mayhave few clouds(FEW = lessthan1/8 of thesky
is covered),scatteredclouds(SCT= between1/8and3/8of
thesky hasclouds),brokenclouds(BKN = 4/8 to 7/8 of the
sky), or becompletelyovercast(OVC = 8/8of thesky). The
FAA alsoprovides a list of standardcontractionsfor visi-
bility obscurations.Ourexamplesarenot for comprehensive
coverage,but ratherfor generalunderstanding,sonotall op-
tions are described.Using informationvisualizationmeth-
odspromotedby Tufte 10� 11 andBertin 1, we mapthesefive
rangesto fivegraylevels:whitefor clearskies;progressively
darker grayfor few, scattered,andbrokenclouds;andblack
for an overcastsky. Cloud coverageand altitudeare mea-
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Figure 1: Currentcloud,visibility andwindsconditionsshownusingthesymbolicandtextual formats.Thebackgroundimage
is anaeronauticalchart for theSanFranciscoBayArea.

suredby ground-basedinstrumentslocatedat theairportand
canbereportedaslayers.Thatis, cloudinformationmaybe
reportedasfew @ 1200ft, sct@ 3000ft, ovc @ 12,000ft.
Hence,cloudcoverageis depictedby layeringappropriately
coloredsub-rectanglesat a vertical positiondeterminedby
a linearmappingfrom 0 to 12,000feet.Similar to thewind
rectangle,the cloud rectangleis color-codedto easeinter-
pretation.Thecolor-codingtakesthecloud layersinto con-
siderationaswell astheinformationdisplayedastext in the
bottomrectangle:visibility distanceandany obstructionsto
visibility, suchasfog, haze,or smoke.Theborderis colored
blackif thecloudsandvisibility allow apilot to fly undervi-
sualrules(lowestbrokenor overcastcloudlayer, or ceiling,
atanaltitudegreaterthan3000ft andvisibility betterthan5
miles),yellow if theceilingor visibility is marginal (ceiling
greaterthan1000ft but lessthan3000ft; andvisibility be-
tween3 and5 miles),or redif theceilingor visibility is low
enoughto requireflight usinginstrumentflight rules(ceiling
lessthan1000ft; visibility lessthan3 miles).

Both currentand forecastairport conditionscanbe dis-
playedusingthesesymbols.They providemostdataneeded
to planflights. Otherdataavailablein currentconditionre-
portsis notusuallynecessarybut is sometimesuseful.

Textual Display with Color-Coded Borders: If a pilot
wantsto view the above mentioneddatatextually or if he
wantsto seeprecisenumbersfor theotherelements,hecan
ask for a textual presentation,as shown in Figure 1. This
format shows all the elementsprovided.The text rectangle
is color-codedusingthesamecodingweusedfor themiddle
rectangleof the symbolicdisplay. That is, it representsthe
visibility andcloud coveragecombinationandcanbe red,
yellow, or black.

Triangular Iconic Display: The last format a pilot can
requestis the iconic format which provides an overview
of wind, visibility, cloudaltitude,andcloudcoveragedata.
In the currentconditionsicon, the temperature- dew point
spread(that is, temperatureminusdew point; usefulfor de-
tecting possiblefog formation) is also shown. It displays
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theseelementsusingfour sub-trianglesarrangedinto a sin-
gletriangle,asshown in Figure5.Eachsub-triangleis color-
codedusing the colors white for good conditions,yellow
for marginal conditions,andred for adverseconditions,as
definedfor the symbolicformat above. Becausethe airport
forecastreportsdo notprovide temperatureor dew point in-
formation,thecentersub-triangleis coloredgraywhendis-
playingforecastdata.Theiconicdisplayis usefulin provid-
ing averyquickoverview of conditions.A pilot canquickly
get thebig pictureof theweathersituation.For example,if
thebottomsectionof thetrianglesis red in a wide area,the
pilot can quickly understandthat there is widespreadlow
fog. On theotherhand,if ageographicareashows all white
triangles,hecaneasilyseethatat leasttheelementsshown
graphicallyareconducive to flying.

Winds Aloft Display: Finally becausethey are comple-
mentaryto current and forecastairport condition reports,
wealsoprovidewindsaloft forecastsgraphically. Thewinds
aloft forecastsreport,shown in Figure4,providesdataabout
the wind velocity and temperatureat predefinedaltitudes,
generallyspeakingrangingfrom 3000ft to 39,000ft in in-
crementsof 3000ft. We found that pilots preferreda very
simplerepresentation- onethat doesnot requiremuchin-
terpretation.Thus,we displaythewindsaloft for a selected
altitudeasadirectionalarrow, asshown in Figure5. Thedi-
rectionof thearrow specifiesthedirectionthewind is com-
ing from. The wind speedis shown textually on the arrow.
The pilot selectsan altitudeusinga slider provided on the
graphicaluser interface.As the pilot dragsthe slider, the
wind arrows changeto reflectwindsat theselectedaltitude
usinginterpolationto computewindsat altitudesnot given
in thewindsaloft forecastreport.Thishelpsthepilot choose
an appropriatecruisingaltitudeandappropriateflight path
withouthaving to performany computation.

All of the above formatscanbe displayedfor an entire
areaor just alonga pilot-selectedrouteof flight. For winds
aloft displayedalonga route,we usedistance-basedinter-
polationof the two closestwind reportingsitesto compute
winds at selectedlocations.Similarly, if currentconditions
or forecastsare requestedfor airportsthat do not provide
reports,thenearestavailablereportsaredisplayed.Thispro-
videsthepilot anestimateof what theweathermaybe like
at hisselectedairports.

We conducteda user study to test the usability of the
above formats.Throughinterviews anda questionnaire,we
determinedthat pilots preferredour graphicalformatsover
sevenformatsfromfour competitivesystems.Thestudyalso
revealedareasfor furtherimprovement.In thenext two sec-
tions,wediscusssomeof themostimportantfeedbackfrom
theuserstudy.

4. Information Displays

The focusof this work is to provide additionalinformation
displaysto generalaviationpilotsto bettermaintainweather

Figure 5: Current weather conditions shown using the
iconic format.Windsat a pilot-selectedaltitudeshownwith
a cyanarrow.

situationalawareness.The functionality provided by these
additionaldisplaysweresuggestedby pilots, asmentioned
before,in auserstudy. They requestedthreeadditionalfunc-
tions:displayof trendinformationfor aselectedairport,dis-
playof multiple forecastelementsfor aselectedairport,and
displayof multiple altitudewinds aloft forecasts.The fol-
lowing subsectionsdescribethesenew displays.

4.1. Trend Information Display

In ouroriginal implementationof AWE,weprovidedasym-
bolic representationof METAR/TAF display as shown in
Figure1 anddiscussedearlier in Section3. In the original
version,AWE displaysonly themostrecentreportof winds,
clouds,and visibility conditions.The userstudy revealed
thatthepilotswantedtheability to look backatpreviousre-
portsaswell. An importantfeedbackfrom thepilots wasto
provideadisplayof weathertrendsbasedonpredictions.An
importantrelatedquestionis how do we determinewhether
thesepredictionsareaccurateor not.

In orderto addressthis feedback,we presenttwo layers
of weathertrenddisplay. On the top layer, we display the
forecastapplicableat time t - 2, t - 1, t, andt + 1 usingthe
symbolicrepresentationasshown in Figure6.Onthebottom
layer, theactualconditionsattime t - 2, t - 1, andt areshown
symbolicallyandalignedwith thesametime stampsof the
toplayerasshown in Figure6.Thebottomlayerof informa-
tion associatedwith a givenairportprovidesa pilot with in-
formationonhow theweatheractuallychanged.Whencom-
paredwith theforecastfor thattimeperiodon thetop layer,
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thepilot candecidewhetherthecurrentconditionsin wind,
cloud,or visibility displayedin thebottomlayersupportor
refutepredictionsshown in the top layer. Althoughstatisti-
cal andartificial intelligencebasedapproachescanbeused
to derive statisticalmeasuresof uncertaintyof predictions,
mostpilots aremorecomfortableand trustingof raw data
ratherthaninterpretationsof theraw databy algorithmsthey
do not understand.It is alsovery easyfor a pilot to perform
a visualpatterncomparison.However, if algorithmsarede-
signedto deriveuncertaintiesthatgainthetrustof thepilots,
suchmeasurescaneasilybe displayedwithin AWE either
augmentingor replacingthesuggesteddisplays.

By studyingFigure6,apilot canseethediscrepanciesbe-
tweentheactualreadingsandthepredictions.Observe that
thesurfacewindsarepredictedto becalmconsistentlywhile
the actualreadingsconsistentlyhave a wind in the easterly
directionwith stablespeed.Forvisibility conditions,thepre-
dictionsarethat the fog (andassociatedlow visibility) will
dissipateafter14:00andthevisibility will improveto 1 mile
(from 0.25mile). Observe that in actuality, the visibility is
improving more quickly than forecastand is alreadyat 3
miles.Thecloudsarealsolifting sotheforecastfor ceilings
above 12,000ft (shown by thewhite rectangle)is plausible.

Althoughherewehavediscussedthetrendinformationto
be displayedusing symbolic representationonly, we have
implementedthe weathertrend display using other visual
methodssuchasthetriangulariconicdisplaysdiscussedear-
lier in Section3.

Therearecertainlyotherdisplaypossibilitiesfor weather
trend information suchas the direct graphicaldisplaysof
the threeelementsusing both actualand predictedcondi-
tions.While sucha displaymay be moreuseful for longer
time periodsbecausethey mayoccupy lessscreenarea,we
preferredto build on theoriginal displaysdesignedin AWE
becauseof two reasons.First, the trenddisplayis anexten-
sion of the staticone time displayand therefore,doesnot
causeany additionalcognitive workload.Second,continu-
ousgraph-baseddisplaysseemto be lesssuitablefor pick-
ing out exactly wherein time the pilot is in comparisonto
the discretedisplaysthat we have designed.Certainly, we
needto conductanotheruserstudyto determinetheefficacy
of thenew informationdisplayspresentedin thiswork.

4.2. Multiple Forecast Element Display

In the original implementation,AWE automaticallyselects
theappropriateforecastfor thedestinationairportbasedon
thepilot’sestimatedtimeof arrival, ETA. However, theuser
studyrevealedthat pilots alsowantedthe ability to seethe
forecastfor nearbytimesto betterdeterminehow certainthe
forecastis for their ETA. Thatis, if theweatheris predicted
to change30 minutesaftertheir ETA, it maybeprudentfor
the pilot to have a backupplan in casethe changeoccurs

Figure 6: Displayof trendinformationfor an airport. The
top layer displaysthe winds, cloud, and visibility as pre-
dicted;thebottomlayer displaysthewinds,cloud,andvisi-
bility asmeasured.Correlationor discrepancybetweenthe
two layers allows pilots to determinehow reliable predic-
tionsare likely to be.

earlier. Similarly if they are planningto arrive 20 minutes
after the fog is forecastto clear;they maywant to plan for
analternatedestinationif thefog doesnotclearonschedule.

We have incorporatedthis suggestionso that AWE now
hasthe capability to display the predictedweatherfor all
timeperiodsprovidedby theDUATsreportfor pilot-selected
airports. Rather than having AWE select the appropriate
forecastfor theestimatedarrival time,AWEcannow display
the entireseriesof forecastelements.We refer to this dis-
play asmultipleforecastelementdisplay. AWE canuseany
oneof thethreevisualizationmethods– textualdisplaywith
color-codedborders,overview triangularvisualdisplays,or
symbolicvisualdisplays– to visualizemultiple forecastsat
severalairportssimultaneously. Figure7 shows anexample
of a triangularoverview display for threeairportssimulta-
neously. The fourth airport shown with a single triangle is
onethepilot hasnot requestedadditionalinformationabout.
Hence,only the elementapplicableto the AWE-computed
arrival time is shown.

Fromthisdisplay, thepilot canseethat,althoughthereare
four elementsgiven in the TAF for oneof his selectedair-
ports(OaklandInternational,left sideof the image,shown
with 4 triangles),it will haveacceptablesurfacewinds,visi-
bility, andcloud conditionsduring all periods.In contrast,
he can very quickly seethat for SanJoseairport (shown
on the bottom of the image,with 6 elements)the winds
will be moderateduringoneforecastduration,improve for
a time, and thendeterioratealongwith poor visibility and
loweredcloud ceiling. If the singleelementdisplayfor his
ETA showed only a white triangle,he may not be able to
develop a realistic big picture of the expectedconditions
nearbyhis ETA. Notethatall elementsfor the24 hourfore-
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castperiodprovidedby DUATs areshown. Thepilot is un-
ableto determinewhenachangeoccurs.To getsuchdetails,
heneedsto referencethesymbolicor textual formats.Using
the overview display, he canonly determineif a changeis
forecast.

Figure 7: Overview of weatherforecastsfor all periodspro-
videdby DUATs at threeairports usingthe triangular dis-
play. Ratherthan showingjust the forecastelementappli-
cable to the AWE-computedestimatedtime of arrival (as
shownfor the left-mostairport), it showsall the elements
associatedwith a particular airport, asprovidedbyDUATs.
Thiskindof displayis likely to beusefulto thegeneral avia-
tion pilot to get a quick overview of forecastconditions.

If achangeis forecast,thepilot canaskfor additionalde-
tails to determinehow it mayaffect his flight. He canmix-
and-matchdifferentkindsof displaysto extract just the in-
formationheis interestedin. For example,Figure8 shows a
singleforecastelementselectedby AWE asapplicableatthe
flight’sETA, similarto thedisplayof Figure1, togetherwith
all weatherpredictionsfor 3 airportssimultaneously, oneus-
ing the textual format to get all the details,and the other
two usingthesymbolicvisual representation.Thepilot can
now seethat Oaklandairport hasfour elements(the white
trianglesshown in Figure 7) becausethe wind conditions
areforecastto varysignificantly. Hecanalsoseethatthede-
creasedvisibilitiesattheupperright airport(SCK,Stockton)
aredueto mist ("BR") andfog ("FG") andwill be a factor
from 8:00Zulu to 17:00Zulu asfog andlow cloudsdevelop
andthendissipatefrom California’s CentralValley. He can
alsoseethat the conditionsat SanJoseairport (bottomof
theimage)arecausedby a front moving through,with asso-
ciateddecreasingceilings.

4.3. Multiple Altitude Winds Aloft Display

AWE allows thepilot to evaluatepotentialcruisingaltitudes
interactively by displayingwinds aloft velocitiesonly one
at a time ashe manipulatesthe altitudeselectorslider. The
userstudyrevealedthatpilotswantedto seeforecastsfor all
windsaloft altitudessimultaneouslyto formulateabetterbig
picture.To formulatethesamepicturewithoutthis function-
ality, the pilot needsto watchmultiple arrows ashe moves
the sliderandrememberwinds for previous altitudes.With

Figure 8: Overview of weatherforecastsat two airports
using the symbolicformat and one using the textual for-
mat. Thedisplay for SFOairport showsonly the AWE se-
lectedelementapplicableat the pilot’s ETA. The two air-
portsdisplayingsymbolictrendinformationshowfog fore-
cast to develop (upper right airport) and a front moving
through (lower centerairport) with associateddecreasing
visibilitiesandceilings.Thetextualtrendinformationshows
thatalthoughconditionsat OAK will begoodthroughoutthe
forecastperiod, the surfacewindswill be changingsignifi-
cantly. Thiskindofdisplayis likelytobeusefulto thegeneral
aviationpilot in pathre-planningto decidewhetherto land
at analternateairport or expediteor delaytheflight arrival
time.

simultaneousdisplay, all theinformationwouldbeavailable
concurrentlyto allow for aquickvisualevaluation.

AWE now providesmultiple altitudewindsaloft display.
DUATswindsaloft reportsprovideforecastsfor wind veloc-
ities at 3000,6000,9000,12,000,18,000,24,000,30,000,
34,000,and 39,000feet. Aircraft flown by the target au-
diencefor AWE rarely fly above 12,000ft. The 18,000ft
forecastprovidesadditionalinformationaboutthepotential
for thunderstormactivity. Thus,we limited themultiplealti-
tudewindsaloft displayto 18,000ft. An examplefor theSan
Franciscoairport is shown in Figure9. Windsaredisplayed
from 3000ft at thebottomto 18,000ft at thetop.Thewind
directionis displayedusingadirectionalarrow andthewind
speedis displayedastext. Therectanglefor eachaltitudeis
color-codedfor easierdetectionof strongwinds.Wechosea
modifiedstop-lightcolorcodingschemewith greenfor calm
winds( � 10kts),yellow ( � 20kts) for moderatewinds,or-
ange( � 30 kts) for strongerwinds,andred ( � 30 kts) for
very strongwinds. The altitudeassociatedwith eachrect-
angleis not shown in order to decreaseclutter. It’ s always
thesamealtitudesandthealtitudesfollow standardDUATs
reports;hence,they areeasilyinternalizableby pilots.

5. Speech-based User Interface

The original implementationof AWE hasonly visual ele-
ments.Oneof themostimportantfeedbacksfrom thepilots
wasto incorporateaspeech-baseduserinterface.It is hoped
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8 SpirkovskaandLodha/ Audio-VisualSituationalAwareness

Figure 9: Windsaloft forecastshownfor multiplealtitudes
simultaneously. Theindividualaltituderectanglesarecolor-
codedusinga modifiedstop-lightschemeto quickly inform
thepilot of windconditions.

thatwith this interface,thepilot would not have to dedicate
much eye time and concentrationon interpretingthe tex-
tual data.In aneyes-busy, hands-busy environmentsuchas
flying an aircraft, a speech-baseduserinterfacewill allow
theuseof anadditionalmodalityto interactwith thesystem
distributing thecognitive overloadbetweendifferentsenses.
Experimentalevidenceindicatesthatif a useris performing
multiple tasks,performanceimprovesif thosetaskscanbe
managedover independentinput/outputchannels,or modal-
ities 7. Moreover, it is expectedthataspeech-basedinterface
wouldallow easieraccesswithout thedisadvantagesassoci-
atedwith WIMP (windows, icons,menus,pointingdevice)
interfacesin mobileapplications.

To make AWE easierto usein flight, we have now added
a speech-baseduserinterface.Speechhasa numberof ad-
vantages.Using speech,the pilot can extract information
from AWE without having to devote muchvisual attention
to the task.Speechhaslow panelreal-estateneeds.Small
GA cockpitsdo not allow for muchotherinput-outputpara-
phernalia.Speechasaninputmodalityis quicker thaneither
typingor writing. A personcanspeakseveralhundredwords
perminute,anexcellenttypistcanproduce80-100wpm,and
onecanhandwrite at lessthanhalf the typing rate.Speech
alsohasdisadvantages.Listeningis slower thanreading.It’ s
alsotemporal,serial,"bulky", andmaynotbeprivateenough
in somesituations.Also, thetechnologyis still immature.It
worksbestwith easilydistinguishablevocabulariesandlim-
itedgrammars.Last,theoutputtendsto soundunnaturaland
canbe misunderstooduntil you becomeaccustomedto its
accent.

Theadvantagesoutweighthedisadvantagesin theGA do-
main for a numberof reasons.First, the official language
for aviation is English,even in many non-Englishspeaking
countries.However, non-Englishspeakers(pilots,air traffic
controllers,andflight servicespecialists)mustlearnenough

Englishto transfernecessaryinformation.Second,pilotsare
accustomedto specializedvocabulariesandgrammars.Be-
causeof congestedradiocommunications,conversationsare
oftenterseandfollow astandardphraseology. Pilotsarealso
accustomedto communicationusinga headsetor handheld
microphone.Finally, pilots are accustomedto the speech
synthesizeraccentbecausesomeweatherdata is already
synthesized.

Given theadvantagesandlimitationsof speech,we have
implementedaSUI (Speech-basedUserInterface)for AWE.
Wedid not implementanaturallanguageunderstandingsys-
tem. Rather, we focusedon a specializedvocabulary and
grammarthat generalaviation pilots often use. We used
speechasan input andoutputmodality. Theobjective is to
providethepilot with amechanismto expressneedsandob-
tain servicesfrom AWE. We alsochosenot to implementa
dialog tree 5. They areuseful in situationswherethe user
will not get any pre-usetraining, suchas telephonebank
tellers.PilotsusingAWE will get initial training.Also, dia-
log treesdo not mimic any communicationstypically found
in GA andcanbe frustratingto use.Commandandcontrol
interfacesbettermimic otherGA communicationsandpilots
shouldfind themmorepleasantto use.

AWE wasimplementedin C++,usesOpenGLandGLUT
for the GUI, andrunsunderLinux. For the SUI, we chose
IBM’ s ViaVoice for Linux productsfor speechrecognition
and speechsynthesis.To improve speechrecognitionac-
curacy, we designeda grammarthat definedthe directives
thatcanbe issuedto the recognitionengine.Thechallenge
hereis to designthegrammarsothepilot hassufficient ex-
pressive power to ask for what he needs,but the grammar
remainslimited enoughto get good recognitionaccuracy.
Thegrammaris written in the SpeechRecognitionControl
Language(SRCL),which is basicallya BNF (Backus-Naur
form) grammaradaptedto speechrecognition.Like a BNF
grammar, it hasasetof productionruleswith non-terminals,
terminals,andsomepredefinedterminalsthatallow thede-
veloperto specify optional words or repeatedwords. The
AWE grammaris constructedto constrainthe pilot to re-
questcurrentairportconditions,airportforecasts,andwinds
aloft forecasts,andto setprogramparametersaurally. Some
examplesentencesthegrammaracceptsinclude

� show areacurrentweatherassymbols
� show routeforecastasiconsat15 30zulu
� hideroutewindsaloft
� saywindsatPaloAlto
� sayforecastvisibility for Monterey at 18hundred
� setdisplaytypeto icon
� show trendinformationfor Stocktonasicon

AWEcanrespondto thepilot’sdirectivesbyeithergraphi-
calfeedback(for show, hide, orsetcommands)orauralfeed-
back(for saycommands).Wechoseanimplicit confirmation
strategy for auralfeedback.AWE doesnotexplicitly askthe
pilot "Did you say...?"andthenwait for a yesor no before
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answering.Ratherit providesa succinctanswerto a query
but alsoprovidesenoughcontext so thepilot knows there-
questwas understoodcorrectly. If the pilot detectsthat an
incorrectquestionis beinganswered,he would reissuethe
query, just ashewould if hewerespeakingto a Flight Ser-
vice Stationspecialistwho misunderstandsa query issued
over theaircraftradio.Wefeel this is justifiedbecauseAWE
providesanswersto queries.Therefore,a recognitionerror
resultsin a delayin thepilot gettingthe information,but is
otherwiseharmless.

6. Summary and Future Work

AWE (Aviation WeatherData VisualizationEnvironment)
hasbeentailor designedto suit the needsof generalavia-
tion pilots. It focusedon the gapsfound in other aviation
weathervisualizationsystemsby providing displaysrelated
to METARs, TAFs, and winds aloft display. Our previous
userstudywith pilots resultedin usefulfeedbackaboutthe
usabilityof AWE.

In this work, we have provided additionalfunctionality
basedon the pilots’ feedback.In particular, we have made
several enhancementsto weatherinformationdisplaysand
addedaspeech-baseduserinterface.Ournext stepis to con-
ductanotheruserstudyto determinewhetherour implemen-
tationof theseadditionalfeaturessatisfiespilots’ needs.

Wethenplanto furtherenhanceAWE to incorporatemore
situationalawareness.In its currentimplementation,AWE
reliesonthepilot todeterminewhichareaof thechartto look
at. It would be useful to automaticallyobtain an aircraft’s
currentpositionandusethatto provideonly relevantdatato
the pilot. We will accomplishthis by interfacingto a GPS
unit.

Finally, to furtherdecreaseapilot’sworkload,wewill en-
hanceAWE to take theinitiative in providing informationit
determinesmay be of useto the pilot. For instance,when
new weatherupdatesarereceived,AWE canautomatically
look for inconsistenciesbetweentheforecastsandtheevolv-
ing conditions.If it detectsany unexpectedconditions,it can
spontaneouslywarnthepilot. Of course,all thedatawill also
beavailableto thepilot for hisown exploration.

AWE alreadyprovidesuseful functionality to help a pi-
lot maintain an awarenessof the weathersituation.With
plannedfuture functionality, he will be able to maintain
weathersituationalawarenesswith further reducedwork-
load.
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